ABSTRACT LX Ser is a deeply eclipsing cataclysmic variable with an orbital period of 0.
Introduction
Cataclysmic variables (CVs) are interacting binary stars composed of a degenerate white dwarf primary and a Roche lobe filling M dwarf secondary. LX Ser was first identified to be an eclipsing CV by Stepanian (1979) when searching galaxies with ultraviolet continuum and was classified to be SW Sex subclass of CVs. Stepanian (1979) found that the brightness of LX Ser was about m V = 14 mag. Recently, the orbital inclination and mass ratio of LX Ser were determined to be i = 79
• .0 and q = 0.50 by Marin et al. (2007) . By analyzing the eclipse times of LX Ser, Horne (1980) determined an ephemeris HJD = 2444293.02377(±0.00020)+ 0 d .1584328(±0.0000010)E and showed that an upper limit onṖ is 10 −5 . Eason et al. (1984) derived a new ephemeris using a second-order least-squares fitting of all the eclipse times, and the second-order term was insignificant and was ignored. After that, many new eclipse times were obtained (e.g., Agerer & Hubscher 2003; Diethelm 2003; Zejda 2004; Hubscher et al. 2005; Krajci 2005 Krajci , 2006 Zejda et al. 2006) , allowing us to reanalyze the eclipse times.
Eclipsing times of CVs can be determined with high precision, and small amplitude orbital period changes could be discovered. Therefore, CVs are very good targets to search for planetary-mass companions. The presence of the planetary companions orbiting the central stars will cause small wobbles of the barycenter of the triple system. The light from the stars will travel closer or further due to the variation of the distance between the host system and the earth. Then, the arrival eclipse times vary cyclically and the observedcalculated (O − C) diagram shows a cyclic change. By analyzing the O − C variations, very small mass companions can be detected. This method has been successfully used to detect substellar companions surrounding CVs, e.g., Z Cha ), DP Leo (Qian et al. 2010a ), QS Vir (Qian et al. 2010b ), UZ For (Potter et al. 2011 ), V2051 Oph (Qian et al. 2015) . In this paper, we show the investigation of the eclipse times of LX Ser and the possible giant planet orbiting this system.
New Observations
New photometric observations of LX Ser were carried out on April 24, May 30, and June 26, 2015, and February 20, 2016 . The CCD images were taken by using the 1.0 m Cassegrain telescope at Weihai Observatory of Shandong University (Hu et al. 2014 ) with the Andor DZ936 camera. The size of each pixel is 0.35 ′′ , resulting that the effective field of view is about 11.8 ′ × 11.8 ′ . The observation information is listed in Table 1 . All the CCD images were analyzed using the IMRED and PHOT packages in IRAF 1 procedure. The light curve in R c band observed on April 24, 2015 is displayed in Figure 1 for example. The brightness flickering outside the eclipse can be seen, which is caused by variations of mass transfer rate from the secondary red dwarf to the primary white dwarf. Four new times of light minimum were determined and are shown in Table 2 . Our new eclipse times are 3 or 4 significant figures, indicating very high precision. We also collected the data from AAVSO (American Association of Variable Stars Observers) International Data base 1 . Based on the data, 58 eclipse times were reanalyzed and are also listed in Table 2 , the corresponding light curves are displayed in Figure 2 . All the eclipse times were determined by this work using the parabolic fitting method and was converted to Barycentric Julian Dates (BJD) using the software of Eastman et al. (2010) . As seen in Figures 1 and 2 , all the eclipse times can be fitted by parabolic curves very well.
Investigation of the O − C diagram
Since the discovery, LX Ser has been continuously monitored. Many highly precise eclipse times were determined. All the eclipse times collected from literatures including our 62 new determined ones are listed in Table 3 . The eclipse times collected form literatures are checked again since some data were derived a long time ago and obtained by different observatories or filters. Those having obviously erring are abandoned. Some of the eclipse times were not given errors in the literatures. The errors of the visual data are assumed to be 0.00100, while that of the photoelectric and CCD data are 0.00010. We constructed the O − C diagram using the following linear ephemeris taken from O-C Gateway 2 (the initial epoch was converted to BJD),
The O − C values are listed in Table 3 and the corresponding O − C curve is plotted in the upper panel of Figure 3 . A linear function was used to fit the O − C values. By using the 
The variance is σ 1 = 5.14 × 10 −7 and the fitting curve is displayed in Figure 3 . During the fitting, the weight for the visual data is 1, while that for the photoelectric and CCD data is 10. As seen in the lower panel of Figure 3 , a possible small amplitude oscillation can be extracted. Therefore, we intended to use a simultaneous linear-plus-sinusoidal function to fit the O − C curve. In order to determine the period of the sinusoidal variation, the Period04 package (Lenz & Breger 2005) was employed. The resulting Fourier spectrum is shown in Figure 4 . A peak at f = 1.90386493(±0.06022577) × 10 −5 was obtained, meaning that the period of the sinusoidal variation is 22.80(±0.72) yr.
Using the weighted least-squares method, we determined the following equation,
The variance is σ 2 = 4.67×10 −7 , which is smaller than the value of the linear fit. The F -test method as discussed by Pringle (1975) was used to estimate to what extent the statistical significance is improved between the linear fit and the linear-plus-sinusoidal fit. The statistic parameter λ is corrected to be
In this equation, n is the number of eclipse times. We obtained F (2, 184) = 19.5, indicating that the statistical significance of the linear-plus-sinusoidal fit with respect to the linear fit is more than the 99.99% level. The best fitting curve for the linear-plus-sinusoidal terms is displayed in the upper panel of Figure 5 . The linear term of Equation (3) represents the revision on the initial linear ephemeris (Equation 1). When the linear term was removed, the (O − C) 2 values are displayed in the middle panel of Figure 5 . A 22.8 yr cyclic modulation with an amplitude of 0.00035 days can be seen. The residuals from Equation (3) are shown in the lower panel of Figure 5 , where no regular changes can be subtracted.
Discussion

The cyclic orbital period variation
Based on the investigation of the O − C diagram, we found that the orbital period of LX Ser shows a cyclic modulation with a period of P 3 = 22.8 yr and an amplitude of A 3 = 0.00035 days. The cyclic change of the O − C diagram can be explained either by the Applegate mechanism (Applegate 1992) due to the magnetic activity of the red dwarf component or by the light travel time effect due to a tertiary companion.
The Applegate mechanism was proposed according to the conclusion determined by Hall (1989) who analyzed the orbital period variations of 101 Algols. Hall (1989) found that all the binary systems which show cyclic period changes have late spectral type secondary components. However, a recently statistical study by Liao & Qian (2010) reveals that the percentages for both late type and early type binary systems that exhibit cyclic orbital period changes are similar, and they concluded that the cyclic oscillation is most likely caused by the light travel time effect via the presence of a third body.
According to Applegate mechanism, solar-like magnetic cycles would result in shape changes of the low-mass components, thus redistributing the angular momentum within the interior of the star. Then, the oblateness is changed, causing a change of the stellar quadrupole moment which consequently leads to the variation of orbital period. Using the equation
where (O − C) and P mod are the amplitude and modulation period of the cyclic oscillation of the orbital period. The fractional period change ∆P P was determined to be 2.67 × 10 −7 . By considering a typical mass of M 1 = 0.6 M ⊙ for the primary white dwarf of LX Ser, the mass of the secondary red dwarf can be calculated to be M 2 = q × M 1 =0.3 M ⊙ (the mass ratio q is 0.5 based on the result of Marin et al. 2007 ). The radius of the secondary red dwarf was estimated to be 0.38 R ⊙ based on Cox (2000) , the binary separation a = 1.19R ⊙ can be derived using M 1 + M 2 = 0.0134a 3 /P 2 . Then, according to the equation
we determined the variation of the quadrupole moment of the red dwarf to be ∆Q = −1.21× 10 47 g cm 2 . The secondary component of LX Ser may be a full convective star, we can use the same method that Brinkworth et al. (2006) used to calculate the energy required to produce the cyclic modulation of LX Ser. We split the whole star into an inner core (denotes as 1) and an outer shell (denotes as 2). By employing the Lane-Emden equation for an n = 1.5 polytrope, different shell mass versus the required energy ∆E can be calculated and is displayed in Figure 6 . The minimum value of the required energy is achieved to be ∆E min = 8.95 × 10 40 erg when M s = 0.224M ⊙ . Assuming that the temperature of T 2 = 3500 K, the total radiated energy of the secondary red dwarf over the whole modulation period is also shown in Figure 6 . Obviously, the Applegate mechanism has difficulty to explain the cyclic oscillation in the O − C diagram. Therefore, liking many other CVs, DQ Her ), UZ For (Potter et al. 2011) , AM Her (Dai et al. 2013) , the plausible explanation of the cyclic modulation is the light travel time effect. Using the equation
the mass function f (m) = 4.29(±2.94) × 10 −7 M ⊙ and the mass of the third companion M 3 sin i ′ = 0.0071(±0.0027) M ⊙ = 7.4(±2.8) M Jup were computed. Simulations by Bonnell & Bate (1994) and Holman & Wiegert (1999) exhibit that circumbinary planets have stable orbits and are most possibly coplanar with the central eclipsing host systems. Considering the orbital inclination of LX Ser i = 79
• .0, the mass of the third body is derived to be M 3 = 0.0072(±0.0027) M ⊙ = 7.5(±2.8) M Jup with a separation of 9.12(±4.03) AU. Based on the theoretical analysis (e.g., Chabrier & Baraffe 2000; Burrows et al. 2001) , the upper limit mass of a planet is about 0.0140 M ⊙ ∼ 14.6 M Jup , the third companion is most likely to be a giant planet.
The stability of the possible planet
In this subsection, we discussed the stability of the possible planet. As the mass of LX Ser is much larger than the outer planet, we can ignore it when considering the evolution of the inner CV. The logarithmically differentiating of semi-major axis of LX Ser with respect to time givesȧ
When assuming a constant angular momentum, the period of the orbit increases, which may impact the stability of the outer planet. However, there are many factors that influence the orbital angular momentum in close binary systems, especially in a CV system. The dominant angular momentum losses (AML) mechanism in long-period systems(P orb ≥ 3hrs) is "magnetic braking", whereas short period CVs(P orb ≤ 2hrs) are assumed to be driven by AML associated with the emission of "gravitational radiation" (Knigee & Baraffe 2011) . Apart from the two major factors, we should also consider mass transfer, mass accretion, common-envelope evolution, wind accretion, tidal evolution and many other factors (Hurley & Tout 2002) . These factors are important in the orbital evolution of CVs. We adopted the algorithm illustrated in Hurley & Tout (2002) and did a simulation with M 1 = 0.6M ⊙ , M 2 = 0.3M ⊙ , P = 0. d 158, e = 0, z = 0.02, where e is the eccentricity and z is the metallicity. The evolutions of the masses of the two components, orbital period of LX Ser are shown in Figure 7 . survive the common envelope phase and have no conflicts with the evolution of the binary system.
Conclusions
The CV LX Ser was observed on four nights using the 1.0 m Cassegrain telescope at Weihai Observatory of Shandong University, and four new eclipsing times with high precision were determined. Based on the data from AAVSO International Data base, 58 eclipse times were redetermined. Further more, combining all the eclipse times from O-C Gateway, we analyzed the O − C behavior of LX Ser. The O − C diagram shows a cyclic variation with an amplitude of 0.00035 days and period of 22.8 yr.
For the cyclic variation in the O −C diagram, both of the Applegate mechanism and the light travel time effect are considered. The energy required to produce the cyclic modulation of LX Ser was calculated, we found that the minimum value of the required energy is nearly two times of the total radiated energy of the secondary red dwarf over the whole modulation period. Therefore, the Applegate mechanism is too feeble to explain the cyclic modulation. According to the investigation of the light travel time effect, a giant planet with a mass of 7.5 M Jup at a distance of 9.12 AU was explored. Exoplanets can survive almost anywhere based on the analysis during the last 24 years (e.g., Wolszczan & Frail 1992; Silvotti et al. 2007; Qian et al. 2009 Qian et al. , 2012 . The existence of the giant planet orbiting the CV LX Ser is reasonable. By considering all the factors, we analyzed the the stability of the multiple systems and we found that the outer planet will move slowly away from the centre eclipsing CV and the system will stay stable. We also considered whether the existence of the giant planet is compatible with the evolution of LX Ser from a wide orbit binary to a CV and we determined that the planet can survive the common envelope phase and have no conflicts with the evolution of the binary system. In the future, more eclipse times with high precision are needed to confirm the possibility of the giant planet. 
